A plastic scintillator bar with dimensions 300 cm × 2.5 cm × 11 cm was exposed to a focused muon beam to study its light yield and timing characteristics as a function of position and angle of incidence. The scintillating light was read out at both ends by photomultiplier tubes whose pulse shapes were recorded by waveform digitizers. Results obtained with the WAVECATCHER and SAMPIC digitizers are analyzed and compared. A discussion of the various factors affecting the timing resolution is presented. Prospects for applications of plastic scintillator technology in large-scale particle physics detectors with timing resolution around 100 ps are provided in light of the results.
Introduction
Plastic scintillator detectors have been extensively used in particle physics experiments for decades. In large-scale experiments, they are typically arranged as an array covering a large surface which can provide a fast trigger signal or particle identification using the timeof-flight (ToF) technique. Depending on the bar dimensions, scintillator type and light readout sensor, the time resolution 1 for such detectors typically ranges from 50 ps (0.5 m bars of the ToF system of MICE [1] ) to 350 ps (6.8 m bars of the ToF system of OPAL [2] ).
In practice, bars which are made of a bulk scintillator do not exceed 3 m in length. This restriction comes naturally from light attenuation within the plastic and an uncertainty related to the dispersion of photon path lengths which becomes dominant for long bars. Moreover, this uncertainty grows exponentially with decreasing bar thickness [3] . It makes a bar cross section close to a square shape advantageous in detectors [4, 5, 6, 7] . However, when a detector covers a large surface, for reasons of economy, the bar thickness along the beam is often chosen to be significantly smaller than its width. In this case the thickness becomes a limiting factor for the precision of the time measurement. Recent examples of detectors using this type of bars are the trigger hodoscopes system in COMPASS [8] and in the NA61/SHINE ToF detector [9] .
Another example of a detector which combines the requirements of a large covered surface and an excellent time resolution is the August 7, 2017 timing detector of the proposed SHiP experiment at the CERN SPS [10] . To efficiently distinguish between vertices from random muon crossings and genuine particle decays, the SHiP timing detector needs to cover a 6 m × 12 m area with a time resolution of 100 ps or better [11] at an affordable price, which is a challenge. One option considered in the SHiP technical proposal is an array of 3 m long plastic scintillator bars with the light collected by photomultiplier tubes (PMTs) [11] . Another feature of SHiP is a software trigger running on an online computer farm, thus favoring the use of a DAQ electronics which has the particularity to tolerate relatively high event rates and at the same time allow for each channel to operate in a self-triggering mode.
Novel types of acquisition electronics which perform waveform sampling using a switched capacitor array (SCA) have only recently been employed in particle physics experiments [12, 13] . The use of an analogue memory which is added in parallel with a delay line allows for analog signal sampling at a very high rate. In addition, having the waveform recorded, one can extract various kinds of information such as baseline, amplitude, charge and time. The measurements presented in this article with a 3 m bar were made with the two acquisition modules WAVECATCHER [12] and SAMPIC [13] . The latter is proposed for the data acquisition system for the SHiP timing detector. The test-bench used here can thus be considered as a prototype for the design of the timing detector of the SHiP experiment described in the technical proposal [11] .
The article is organized as follows. The experimental setup is described in Section 2. Section 3 provides a detailed description of the DAQ electronics. The analysis procedure is presented in Section 4. The results of the measurements are discussed in Section 5. Finally, a summary is given in Section 6. The outputs of all 6 PMTs are connected to a single acquisition module.
Experimental setup
We present results of test-beam measurements which took place at the CERN PS in June 2016. The layout of the setup is shown in Fig. 1 . The coordinate system is chosen such that the z axis is directed along the beam, the x axis is along the bar and the y axis is directed vertically in such a way that the coordinate system is right-handed. The origin of the system is at the left side of the bar, in the center of the yz cross section.
Plastic bar and PMTs
The scintillator bar was purchased from the SCIONIX Radiation Detector & Crystals company [14] . The bar length is 300 cm and its transverse cross section is 2.5 cm × 11 cm. The two larger surfaces of the bar (300 cm × 11 cm) were in contact with a casting form and had no other preparation. The four other surfaces were diamond milled. The choice of plastic was primarily driven by the length of the bar: EJ-200 provides an optimal combination of a suitable optical attenuation length, fast timing and high light output. The properties of EJ-200 quoted by the producer are: a rise time of 0.9 ns; a decay time of 2.1 ns; a bulk attenuation length of 4 m; and a refraction index of 1.58. The peak in the emission spectrum resides in the violet region of the visible spectrum. As shown in Fig. 2 , this spectrum is compatible with the sensitivity region of the PMT Emission spectrum of EJ-200 [14] (arbitrary units) overlaid with the quantum efficiency of the PMT [15] , the reflection efficiency of an aluminum foil [7] and the attenuation length 3 [16] (right axis).
and the reflection efficiency of an aluminum foil which was used to wrap the bar. The bar is attached via tapered light guides to 2" phototubes on both ends. The fast Hamamatsu R13089-10 PMT [15] is chosen because of its good time resolution and moderate cost. It has a linear-focused dynode structure with 8 stages and a typical anode gain value of 3.2 × 10 5 . The voltage divider optimized for timing applications was provided by the company. The PMT output signal was coupled directly to the acquisition module. This results in a signal amplitude in the range 30 − 150 mV (given for the most probable value) which fits perfectly the dynamic range of the acquisition modules. The quantum efficiency of the photocathode as given by the manufacturer is 25% at the emission peak for the scintillator (see Fig. 2 ). Parameters relevant for the precision time measurements are a rise time of 2 ns and a transit time spread 4 of 230 ps.
The phototubes were pressed towards the light guides. The probable presence of air gaps between the photocathode and plastic may however reduce the amount of photons at large angles due to total internal reflection. Also, the cross-sectional area of the bar is larger than the area of the photocathode by about 34%. Due to phase-space conservation of the photon flux the light output should be reduced by about the same amount in the case where an interaction took place in the proximity of the PMT.
The bar and PMTs were fixed to an aluminum frame which could be moved vertically and horizontally with respect to the beam.
Beam and trigger system
Measurements were carried out using a 10 GeV/c muon beam produced by interactions of 24 GeV/c protons from the CERN PS accelerator with closed shutters at the T9 beam line of the East Hall.
The trigger was formed by the coincidence of signals from two beam counters installed 50 cm up-and downstream with respect to the bar under test as shown in Fig. 1 . The counters are shaped as cubes with 2 cm sides made of a fast EJ-228 scintillator with rise and decay constants 0.5 ns and 1.4 ns, respectively. They were coupled to 1" PMTs (Philips Xp2972) from two sides via 5 cm long light guides.
The trigger time is calculated as an average of the measurements of all four trigger PMTs. This time is used as a reference for the measurement of the counter under test. The resolution of the trigger system is derived from the width of a distribution of the time difference between the time measurements by up-and downstream counters. It is found to be 40 ps. Another contribution to the trigger time resolution is associated with a finite size of the beam counters. It was estimated to be 36 ps assuming a uniform distribution of the beam within the counter area. Both contributions are further subtracted in quadrature from the uncertainty obtained with the counter under test.
DAQ electronics
The major design criterion for the DAQ system is an internal time resolution which has to be much better than the expected resolution of the scintillator counter. The chosen electronics modules WAVECATCHER [12] and SAMPIC [13] are based on waveform digitizer ASICs which have been developed by LAL and IRFU teams since 1992. The technology employs a circular buffer, based on arrays of switched capacitors (SCA) which record an analogue signal at very high rate. The time information is extracted with an interpolation of samples in the leading edge of the signal which permits reaching a timing accuracy of about 5 ps 5 . Fast detectors for ToF measurements thus represent a natural target for these digitizers.
In both modules, common clock and trigger signals can be provided externally. Besides that, each channel also integrates a discriminator that can trigger individually or participate in a more complex trigger. This capability makes these digitizer modules very suitable for a test bench experiment since no extra electronics are required for the trigger. The digitizers combine in a single module the functions of TDC and ADC, and allow to perform a digital constant fraction discrimination (dCFD) which, in the case of the WAVECATCHER, is a part of the firmware.
The desktop versions of the acquisition modules were used. They house the USB2 interface which permits a connection to PC with 480 Mbit/s. The acquisition software runs under Windows saving data directly on disk.
The analogue signal sampling in WAVE-CATCHER is based on the SAMLONG SCA [12] . The chip was designed with the AMS CMOS 0.35-µm technology and houses two fully differential channels. The bandwidth of 500 MHz is well suited for detection of very short pulses. An analogue signal is sampled 5 The value indicates the measured resolution of the ASICs. It was obtained by splitting a generated pulse between two channels and delaying one of them [12, 13] . The resolution is defined as the measured jitter on the time difference between the two pulses.
at a rate which can be set between 0.4 and 3.2 GS/s. Voltages stored in capacitors are further digitized with commercial ADCs at a much lower rate (10 to 20 MHz). This results in an overall readout dead time of about 120 µs for the full sampling depth of the circular buffer which comprises 1024 cells. However one can define for the readout an interval of interest which can be a subset of the whole buffer. The board is DC-coupled with a dynamic range of 2.5 V and adjustable offsets are coded over 16 bits. In the acquisition of data presented here the desktop module with 8 channels running at 3.2 GS/s (buffer depth 320 ns) has been used.
The SAMPIC acquisition module is based on the cognominal ASIC designed to be the first TDC directly working on analogue signals [13] . SAMPIC was developed in the frame of the R&D project aiming at a Waveform and Time to Digital Converter (WTDC) multi-channel chip. It was initially intended to address needs for high precision timing detectors (5 ps) required by ATLAS AFP and SuperB FTOF.
SAMPIC is a 16-channel ASIC designed with the AMS CMOS 0.18-µm technology. Each channel associates a DLL-based TDC providing a raw time with a 64-cell ultra-fast analogue memory sampling up to 10.2 GS/s thus assuring high-resolution timing information. Analogue data are digitized by an on-chip ADC (8 to 11 bits). The relatively small sampling depth allows for a low dead time, around 1.5 µs when using the ADC in the 11-bit mode and of the order of 0.2 µs in the 8-bit mode. The chip is designed to offer a signal bandwidth of 1.5 GHz and a usable dynamic range of 1 V.
In the work presented here SAMPIC was exploited at the 3.2 GS/s sampling rate. The typical width of a signal in the scintillator counter is 25 ns. Thus, SAMPIC is generally not able to record the full signal waveform, but the sampling depth of 20 ns is enough to determine the baseline and cover the front edge of the signal. The sampling rate can in principle be lowered to 1.6 GS/s which would increase the time win- dow by a factor of two.
Each SAMPIC channel integrates a discriminator which, contrary to WAVECATCHER, can trigger itself independently of other channels. This mode was used in the data taking. Coincidence of reference counters has been checked offline and selects about 1% of recorded events. The rest of the data represent interactions from muon pile-up and cosmics.
Analysis
The time resolution of the counter is studied using either WAVECATCHER or SAMPIC as a function of the position of a charged-particle interaction either along x or y axis and angle of incidence of the particle trajectory. The counter was exposed to the muon beam to collect about two thousand triggers for every point, after which the bar was manually either shifted or rotated to the next position. Measurements were done for 15 points along the x axis of the bar 6 . For each of these, two measurements were made: one at the center y = 0 cm and another at the edge y = 4 cm. 6 Two extra points at x = 2 cm and x = 298 cm at y = 0 cm were taken at the end of the run with WAVECATCHER. In the analysis, the time t corresponding to either PMT1 or PMT2 is the measured time subtracted from the reference time (defined as the mean value of the times registered by the two trigger counters). Examples of time spectra as measured for different positions along x are shown in Fig. 3 . The time spectra can be reasonably approximated by Gaussian functions. For each position, the variance and the mean of the function were used to obtain the time resolution and the peak position of the distribution.
There are several techniques for the extraction of time from the sampled waveforms [17] . However it was shown that results obtained with a digital constant fraction discrimination technique typically show a better time resolution [18, 19] . In the dCFD approach the signal time is determined by the crossing point of the interpolated digitized signal at the threshold which, in turn, is a constant fraction of the pulse amplitude.
The variance of time measurements can be expressed as [19] 
where σ u is a variance of the measured voltage and du/dt is a slope of the rising edge of a signal. Const is an uncertainty due to the limited precision of measurements (for instance the TDC jitter) which is independent of a signal.
Waveforms of typical signals detected by PMT1 and PMT2 at x = 250 cm and recorded by the WAVECATCHER are shown in Fig. 4 . Two methods are applied to determine the crossing point of dCFD. In the first method a linear interpolation between two neighboring samples is utilized. In the second method a Gaussian function is used to approximate a part of the waveform which includes eight consecutive samples. The second method can give an advantage in the case of a smaller number of detected photons resulting from long signal propagation along the bar. Indeed, if σ u is dominated by statistical fluctuations the fit can improve the precision. On the other hand, if the signal propagation distance is short and, in turn, the statistical contribution to σ u becomes less significant, the correlation effect between samples [19] negates the improvement due to the fit, leading to no significant difference between the two methods.
The value of the dCFD fraction should be chosen as a compromise between growing fluctuations σ u of the rising amplitude and an improving steepness of the slope du/dx (see Eq. 1). A scan is performed in the interval 0.04 − 0.7 to determine the optimal fraction. The time resolution of the counter as viewed by PMT1 as a function of the dCFD fraction is shown on Fig. 5 . The optimal value depends weakly on the distance between the interaction point and the PMT. For the analysis presented in this work 0.14 is chosen. This fraction is indicated by crosses on top of the graphs in Fig. 4 . 
Results
The dependency of the measured time versus position of the crossing point along the bar as viewed by both PMTs is shown in Fig. 6 . The graphs are approximated by linear functions whose slopes represent the effective average speed of light along the x axis, which is found to be v ef f = 16.1 cm/ns. Using the refraction index of the plastic one can convert this value into the effective average reflection angle: θ ef f = 32.1 • .
As one can see in Fig. 6 , points lie above the lines for interactions taking place nearby a PMT (t ≈ 0 ns) and they go below for in- teractions which are closer to the bar center. In order to understand this behavior we calculate v ef f and θ ef f as a function of distance. Results are shown in Fig. 7 . The value of v ef f in the proximity of the PMT is 14 ns/cm (θ ef f = 43 • ). It increases up to 16 ns/cm (θ ef f = 32 • ) at x = 180 cm and stays rather unchanged until the end of the bar. Presumably this effect can be explained by the fact that photons at larger angles with respect to the surface of the bar have to travel longer distances before reaching the PMT, and are therefore more strongly affected by attenuation.
The time resolution as a function of longitudinal distance at y = 0 cm obtained in measurements with WAVECATCHER is shown in the left panel of Fig. 9 . The time of dCFD was extracted from the fit to the waveform as described in the previous section. The advantage of this method is demonstrated in Fig. 8 which shows the ratio between the resolution obtained with the fit method and the resolution obtained using a linear interpolation. The former provides better precision by 2% in the proximity of the PMT, and the improvement reaches 8% for the case of an interaction taking place at the far end of the bar.
The time resolution of an individual PMT evolves from 80 ps for the crossing point near the phototube to 320 ps for the light propagation along the 280 cm distance. A slight improvement of the resolution is observed in case of the crossing point being at the proximity of 300 cm. This could possibly be an effect of light reflected backwards. A similar effect was observed in Ref. [4] . The distribution is approximated by an analytic function (sum of two exponential functions and a constant) which is shown by a solid curve in Fig. 9 .
Measurements of time done by the two PMTs on both ends of the bar can be combined in two different ways. In the case where the position of the crossing point between the particle trajectory and the bar is unknown, the time of the interaction can only be calculated as a simple average
where t 1 and t 2 are the times measured by PMT1 and PMT2, respectively. On the other hand, in a real experiment the crossing point can be well determined by other precision tracking detectors. In our case the interaction point is defined by the position of the reference trigger counters. Therefore one can weight the measurements of PMT1 and PMT2 according to their uncertainties σ 1 and σ 2
The time resolutions extracted from fits of the distributions obtained with Eq. (2) and Eq. (3) are shown in Fig. 9 by open and full diamond symbols, respectively. Both approaches provide 133 ps resolution in the central region of the bar. On the other hand, in the outer parts of the bar the phototube which is closer to the crossing point makes possible a substantially better resolution. In this region the weighted average provides a significant advantage, with a time resolution of 80 ps, while the resolution of the simple average is around 160 ps. Therefore, the time resolution of the bar can be regarded as being 150 ps for the simple average and 100 ps for the weighted average approach over the entire bar length of 3 m.
The time resolution as a function of longitudinal distance at y = 0 cm obtained in measurements with SAMPIC is shown in the right panel of Fig. 9 . The time resolution of the bar when measured by a single PMT varies from 80 ps to 340 ps. The resolution in the center of the bar, when calculated as an average for two PMTs, is found to be 140 ps. The slight differences in the values obtained with SAMPIC and with WAVECATCHER are mostly a consequence of a shorter waveform recorded by SAMPIC. The ratio of the two is shown in Fig. 10 .
Resolution vs transverse coordinate
The time resolution of the bar was studied as a function of y, using a second scan with the position of the bar shifted by 4 cm upward. The ratio of the time resolutions obtained in scans at y = 0 cm and y = 4 cm is shown in Fig. 11 . A fit with a constant function gives a value compatible with 1, showing that the shift does not alter the time resolution.
Phenomenological analysis
In order to quantify the effects discussed at the beginning of this section, a phenomenolog- ical analysis is performed to describe the resolution σ t in terms of physics-motivated contributions.
The time resolution as a function of the light propagation distance l can be decomposed as [20, 3] 
where the parameter σ sci+P M T represents a contribution from a spread of the photon emission time of the scintillator and the time jitter of the PMT; σ length accounts for a time spread due to the light transmission; and σ el is the contribution which is independent of the light strength, such as a noise of the readout electronics. The number of observed photoelectrons N depends on distance and can be directly extracted in the experiment.
The most probable value of the pulse height spectrum is shown in Fig. 12 as a function of the light propagation distance. One can distinguish several regions. The distribution falls down more steeply for the first 20 cm. It could be explained by a strong dependence of the attenuation length on the photon wavelength as shown in Fig. 2, i .e. the contribution of short-wavelength photons is significant for the short propagation of light and rapidly diminishes at larger distances. The behavior of the light transmission at larger distance is mainly dictated by photons which undergo total internal reflection, traveling therefore a much longer distance inside the plastic. For total reflection, the angle between the photon trajectory and the surface of the bar has to be smaller than 90 • − asin(1/n) = 51 • , where n = 1.58 is the refraction index of the plastic. When fitting by a sum of two exponents one obtains the effective attenuation length λ = 184.2 cm for this region. For the last 50 cm of the bar the attenuation is not observed.
In order to estimate the number of photoelectrons collected by phototubes the procedure described in Ref. [4] is applied. The number of detected photoelectrons is assumed to be proportional to the signal amplitude. The spread of the asymmetry of amplitudes of PMT1 and PMT2 signals provides a lower estimate for the number of photoelectrons. The procedure results in N 1 = N 2 = 132 at the center of the bar. This value is used to rescale the amplitude distribution to that of the number of photoelectrons which, in turn, is used in the fit of the time resolution σ t (l) with the function of Eq. (4).
The distribution of the time resolution for PMT1 overlaid with the fitting function is shown in Fig. 13 . At short distance the resolution is driven by the photoemission properties of the plastic. The PMT also contributes Figure 12 : The most probable value of the pulse height spectrum versus the light propagation distance. to this uncertainty via the transit time spread but at a much lower level. The value obtained from the fit is σ sci+P M T = 1.62 ± 0.03 ns. In the middle of the bar the contribution of the path length dispersion becomes equal in size with the photoemission spread. This contribution is linear in distance and it enlarges the uncertainty as σ length = 0.88 ± 0.02 ns/m. The last term which reflects the contribution from the readout electronics, σ el , is not significant. The fitting function is able to approximate reasonably the time resolution except as the point at the far end of the bar. This improvement of the resolution is likely to be due to the presence of reflected light and is not described by Eq. (4).
Resolution vs incident angle
The behavior of σ t as a function of the angle between the surface of the bar and the beam trajectory is also studied. To do so the bar was rotated in either the horizontal xz or the vertical yz plane. The time was calculated as an average between measurements of the two PMTs at the center of the bar. Results are presented in Fig. 14.
There are two effects which can be discussed in this respect. The track length inside the bar gets longer in case of the oblique incidence, thus the number of emitted photons increases proportionally and the time resolution improves as a square root of this number. Indeed the measurements follow a √ sin φ behavior for the rotation in the vertical plane. In case of the rotation in the horizontal plane, an additional uncertainty comes from the fact that the entrance and exit points of a track are located at different distances from the PMT. It increases the rise time of a signal, thus worsening the time resolution. As it can be seen in Fig. 14 , the resolution does not change in the interval from 50 • to 90 • , which presumably indicates a compensation between the increase of the number of photons and the smearing of the signal rising edge. This observation is in general agreement with results presented in Refs [4, 7] . The resolution improves for angles smaller than 50 • . In this region a measurable fraction of Cherenkov photons can reach one of PMTs without reflections. The number of Cherenkov photons increases for smaller values of angle which presumably explains the improved time resolution.
Conclusions
The timing properties of a plastic scintillator counter with dimensions 300 cm × 11 cm × 2.5 cm were studied in detail using the testbeam facility of the East Area of the CERN PS. Two waveform digitizer modules, WAVE-CATCHER and SAMPIC, were exploited for the data acquisition. Figure 14 : Time resolution at the center of the bar (x = 150 cm) for various angles of incidence with respect to the bar surface. Circles correspond to a bar rotation in the vertical yz plane. The dashed line is a fit assuming that the number of photons from the particle path length inside the plastic is the only contribution to the resolution. Square markers represent measurements with a rotation in the horizontal xz plane.
The time resolution of the counter when measured by a single PMT varies from 80 ps to 320 ps and from 80 ps to 340 ps in case of WAVECATCHER and SAMPIC, respectively. The resolution in the center of the bar, when calculated as an average of the two PMTs, is found to be 133 ps and 140 ps for the two DAQ modules, respectively. The behavior of the resolution as a function of the light propagation distance was successfully parametrized with a physics-motivated model. Measurements along the central line of the bar show the same time resolution as those displaced by 4 cm from the central line. The behavior of the time resolution versus incident angle for rotations in horizontal and vertical planes was also discussed and understood.
These results confirm that the use of long scintillator counters can provide a time resolution of approximately 100 ps for a large-scale detector used in particle physics experiments. The SAMPIC waveform digitizer appears to be adequate for such applications, especially if a self-triggering capacity and a tolerance for high signal rates is desired.
